Abstract: Evaluation of the structural conditions and estimation of the remaining structural life of each pavement section are important considerations for prioritizing the maintenance needs of any highway network. Many highway agencies, where equipment for evaluation is not available and maintenance funds are limited, may not be able to carry out a detailed structural evaluation on individual pavement sections. An attempt has been made in this paper to develop a simple and cost effective model for structural evaluation of existing pavements. The important features of the model are ͑1͒ it can be executed with minimal amount of data, ͑2͒ the model is simple and does not require use of any costly equipment, and ͑3͒ the output of the model can be directly used for prioritization of maintenance needs at the network level. Two such models have been developed. The models are statistical and are derived from the long term pavement performance ͑LTPP͒ database developed by the U.S. Department of Transportation. The models have been validated and their predictions for remaining structural life ͑RSL͒ have been compared with the RSL obtained using the fatigue and rutting distress models of the Asphalt Institute. The results indicate that the proposed models are capable of predicting the RSL of existing pavements with reasonable accuracy and consistency, given that their primary use is in evaluating pavement structural conditions at the network level and for the purpose of prioritizing pavement sections for maintenance purposes.
Introduction
The basic purpose of structural evaluation of existing pavements at the network level is to determine the current condition and to estimate remaining service life ͓Asphalt Institute ͑AI͒ 2000͔. Remaining structural life is the extent of useful life remaining in a pavement section until a failure condition is reached. Estimation of the remaining structural life is important for prioritization of highway maintenance, thereby leading to the efficient use of existing resources ͑Vepa et al. 1996͒. However, as Sebaaly et al. ͑1989͒ and Haas et al. ͑1994͒ observe, structural conditions are not currently evaluated by many highway agencies at the network level due to the cost of data collection and analysis. Structural evaluation is generally carried out for specific pavement sections after they have been identified for maintenance for the purposes of determining the exact maintenance needs.
Traditionally, nondestructive deflection measurement techniques are used for the structural evaluation of pavements ͑Haas et al. 1994͒. Currently, all practical nondestructive evaluation of pavements are carried out with deflection measuring equipment such as the falling weight deflectometer ͑FWD͒, Benkelman beam, road rater, etc. The evaluation procedure is cumbersome, requires costly equipment, and also demands extensive experience and knowledge of pavement analysis. A recent survey of highway agencies in India, conducted as a part of this study, also indicated that more than 75% of them do not use any of the methods which require use of surface deflection measuring equipment to evaluate the structural conditions of pavements. However, evaluation of structural conditions and estimation of the remaining structural life of each section are needed for network level maintenance management. This has prompted the writers to develop a structural evaluation model which is simple, cost effective, and reasonably accurate for use at the network level.
The basic requirements of such a model for network level evaluation are that the input data requirements must be minimal and can be collected easily without using any costly equipment. The output of such a model should provide a meaningful interpretation so that it can be directly used for prioritizing the maintenance needs and the network level maintenance planning. The evaluation models proposed in this paper attempt to assess the pavement structural condition from two major structural distress parameters, namely, fatigue cracking and rutting. The proposed models are statistical models and have been developed using the pavement performance data available from the long term pavement performance ͑LTPP͒ database of the U.S. Department of Transportation ͓Federal Highway Administration ͑FHA͒ 1998͔.
The paper is divided into five sections of which this is the first. The second section presents a brief review of the various approaches for structural evaluation of pavement. The proposed models are described in the third section, and the fourth section presents the analysis and validation of the models. Finally, the fifth section presents the conclusions drawn from this study.
Review of Approaches for Structural Evaluation
There are various approaches that can be employed for structural evaluation of bituminous pavements. Typically, these approaches can be grouped into three classes ͑AASHTO 1993; Haas et al. 1994 ; AI 2000͒: ͑i͒ Structural evaluation based on destructive testing, ͑ii͒ structural evaluation based on nondestructive testing, and ͑iii͒ structural evaluation based on number of load repetitions. These are briefly described in the following subsections.
Structural Evaluation Based on Destructive Testing
Structural evaluation based on destructive testing involves digging of test pits for sampling and subsequent testing for the composition of the pavement materials. The basic advantage of this approach is that it provides considerable information on the structural adequacy of the pavements by sampling and testing the material exposed to actual service conditions. However, the data required to do this evaluation have to be obtained from in situ destructive testing, laboratory investigation, and construction records. This approach is cumbersome, time consuming, and costly and is, therefore, unsuitable for large scale network level evaluation of maintenance needs.
Structural Evaluation Based on Nondestructive Testing
Nondestructive testing ͑NDT͒ techniques are most widely used for the structural evaluation of existing pavements. The advantages of this approach over destructive testing are lower cost, less interruption to the traffic, less damage to the pavement, and the ability to make a sufficient number of measurements to quantify variability ͑Haas et al. 1994͒. The various nondestructive testing methods used for pavement evaluation may be broadly classified into four major categories: ͑i͒ the static creep method, where equipment like the Benkelman beam measures the pavement's response to a static load, ͑ii͒ the steady-state method, where equipment such as the dynaflect and road rater measure the pavement's response to a vibratory load, ͑iii͒ the impulse loading method, where equipment such as the FWD applies an impulse load and measures the deflections at several points on the pavement surface, and ͑iv͒ the wave propagation method, where propagation of vibrational waves is studied. The nondestructive testing approach has the following limitations.
• This procedure is cumbersome, requires costly equipment, and requires extensive data on different variables such as deflection, loading configuration, material composition, layer thicknesses, etc., at each point of the pavement section where evaluation is carried out.
• Analysis and interpretation of the acquired data are often complex and demand extensive experience and knowledge. Similar observations were also made by Gendreau and Soriano ͑1998͒.
Structural Evaluation Based on Number of Load Repetitions
This approach uses the concept that repeated loads gradually damage the pavement and reduce the number of additional loads that can be carried to failure. According to AASHTO ͑1993͒ remaining life ͑RL͒ can be determined as a function of the ratio of the past equivalent single axle loads ͑ESALs͒ to allowable ESALs as follows
This approach to estimate RL is simple and requires only traffic data, but its major limitation is that the remaining life computed from past traffic may not reflect the actual amount of damage to the pavement. The following two extreme errors may occur with this approach as suggested by AASHTO ͑1993͒:
• The remaining life estimate may be low even though very little load associated distress is present; • The remaining life estimate may be high even though a substantial amount of load associated distress is present.
The Model
The objective of this study was to develop a simple model that can estimate the pavement structural condition reasonably and accurately with only a few variables. 
where nϭnumber of load repetitions up to the time for which SCI is being determined; and Nϭactual number of load repetitions up to the failure of the pavement; which is considered as the earliest point at which either the rutting or the cracking failure criterion is reached ͑the actual criterion used in this paper is presented in the next section͒. Note the definition of N and its difference from the allowable ESAL used in the denominator of Eq. ͑1͒. While the latter is a predefined design parameter, the former is the actual number of load repetitions at which failure occurs.
As mentioned, fatigue cracking and rutting are the two major forms of structural distress in bituminous pavements. Therefore, a model defining the relationship between the SCI and the major structural distresses fatigue cracking ͑c͒ and rut depth ͑r͒ needs to be quantified.
A question may be posed as to whether the proposed model should consider the effect of fatigue cracking and rutting distresses individually or consider the combined distress mode considering their interaction effects also. Currently, mechanistic distress models predict only individual modes while ignoring the interaction effects, which can be significant ͑Chua 1996͒. Considering the distresses individually has certain shortcomings. For example, consider the case of two pavements A and B. Pavement A has c of 10% and r of 15 mm. Pavement B has c of 15% and r of 10 mm. The condition of pavement A is worse than that of pavement B from the rutting standpoint, while the condition of pavement B is worse than that of pavement A from the fatigue cracking standpoint. In such situations, it is difficult to say which pavement is worse unless the distresses are combined into a single index. Thus, from a purely practical consideration it is advantageous to combine the distresses. Haas et al. ͑1994͒ also indicate that combining the distress into a composite index is useful for comparing sections. Also, Fernando et al. ͑1988͒ found that prediction of pavement performance based on subgrade strain and asphalt layer strain is much more reasonable than using only subgrade strain. Chua and Monismith ͑1994͒ also pointed out other advantages of combining the distress modes.
Therefore, the following form of a relation is proposed for a SCI which characterizes the overall pavement condition by considering the combined effects of the individual distresses present in the pavement 
where SCIϭstructural condition index; cϭpercentage area of pavement surveyed where fatigue cracking can be observed ͑c is obtained as in Ali and Tayabji ͑1998͒ ͓specifically the areas of low, moderate, and high severity cracking ͑which are given in the LTPP database͒ are added, and the sum is divided by the total surveyed area to obtain c as a fraction; This quantity is multiplied by 100 to obtain c as a percentage. The total surveyed areaϭ152 m ͑500 ft͒ ϫ 3.6 m ͑12 ft͔͒; and, rϭrut depth ͑mm͒; as also in the LTPP database, the value of r is the greater of the following two values: ͑i͒ average rut depth of the wheel paths in the left lane and ͑ii͒ average rut depth of the wheel paths in the right lane.
Analysis and Validation of the Model
Data obtained from the LTPP database were analyzed to develop the present model. The LTPP program was initiated in 1987 by the Strategic Highway Research Program in the United States to obtain a better understanding of pavement materials and performance and to rationalize the design procedures. The LTPP program monitors a large number of asphalt and portland cement concrete pavement test sections throughout the United States and Canada. Data on distress, roughness, structural capacity, traffic and a range of other variables are systematically collected from each test section ͑FHA 1998͒. The information may be easily accessed and analyzed using Datapave 3.0 software, available from the U.S. Department of Transportation. The data used in the present study were obtained from 38 randomly selected LTPP sections located in various regions. Note that only sections reaching failure are considered in this study. The details of these sections are presented in Table 1 .
In this study a pavement was assumed to have failed if either of the following conditions was reached: ͑i͒ 20% fatigue cracking ͑i.e., if c ജ 20% the pavement is assumed to have failed͒; ͑ii͒ 19 mm rut depth ͑i.e., if r ജ 19 mm the pavement is assumed to have failed͒. The above definition of failure is similar to the Asphalt Institute's definition of failure as reported in the literature ͑for example, see Huang 1993; . Further, c and r for a given section are obtained from the LTPP database; the procedure for obtaining these values is explained earlier. Also, the observed SCI ͑henceforth referred to as SCI o ͒ is derived from the LTPP database which gives information on n and N ͑recall that SCI o = n / N͒. The value of n ͑in ESALs͒ at any given point in time is obtained from ESAL estimates provided in the LTPP database, while N ͑in ESALs͒ is taken as the value of n at which the failure criterion, as defined earlier, is met. Before proceeding to the next sections, it must be mentioned that the predicted value of SCI is henceforth referred to as SCI p .
Analysis
The plot of observed SCI o versus c is shown in Fig. 1 , and the plot between observed SCI o and r is shown in Fig. 2 . The plots are based on 134 observations from 38 sites. Observing these plots, initially the following model is fitted to the data
͑4͒
Note as per standard regression terminology Eq. ͑4͒ could be rewritten as follows ͑Gujarati 1988͒
The statistical parameters obtained for the above model are presented in Table 2 . Student's t test was used to determine whether a regression coefficient is statistically significant or not. The higher the value of t, the more is the confidence in the significance of that parameter ͑Wonnacott and Wonnacott 1972͒. The 
The statistical results obtained for the modified model are also presented in Table 2 . Thus, the calibrated model is SCI p = 0.57 + 0.01c + 0.00097r 2
͑7͒
All the t values are quite high indicating that the variables chosen in their present form are significant. Also note that the signs associated with the independent variables are logical. The R 2 , adjusted R 2 , and F statistics are all indicative of a sound statistical relation. Having said this, it must also be mentioned that there is a good chance that another simpler model of the following form may also be statistically acceptable:
This is so, because one reason why the parameter p 4 in Eq. ͑4͒ was statistically insignificant could be that the data do not support the concurrent use of both r and r 2 as explanatory variables. Hence, realizing that the form in Eq. ͑8͒ is marginally simpler than Eq. ͑6͒ it is statistically tested. The calibrated model is as follows SCI p = 0.43 + 0.01c + 0.025r ͑9͒
The results are also shown in Table 2 . As can be seen from the table all the coefficients of the latest model are significant although the R 2 value is marginally lower. It is proposed that either Eq. ͑7͒ or Eq. ͑9͒ can be used to predict the value of SCI as both use the same number of variables and have a simple form.
Another point that may be mentioned about either of the equations is that the constant terms in the equations lend themselves to a plausible explanation. The value of around 0.5 ͓0.57 in Eq. ͑7͒ and 0.43 in Eq. ͑9͔͒ indicates that around 50% damage to the pavement structure may occur before significant surface distresses can be observed. This damage may be primarily due to fatigue as load associated cracks initiate near the bottom of the bituminous layer, where tensile strains are highest. Repeated traffic loads then propagate the cracks to the surface, eventually forming the block or alligator pattern characteristic of fatigue cracking.
Note that a limitation of the above model is regarding the selection of sections from the LTPP database. The sections are selected randomly from the LTPP database but from the subset of sections reaching one or both failure criteria. Thus the parameters obtained here may be biased toward weaker sections. Further, the model considers several observations for each section; therefore, the data used in this study constitute a panel data set. However, each observation is treated as an independent observation, i.e., in effect the panel structure is ignored. Hence, the variance of the estimates may not be the least. Problems with the confidence levels of the parameter estimates may also arise if heteroskedasticity is present in the data. Although, initial qualitative graphical studies ͓as suggested by Gujarati ͑1988͔͒ indicate that heteroskedasticity is not a serious problem, in this study no formal quantitative analysis was undertaken. Another point is that, as for any regression equation, there is a range of each independent variable for which the selected model estimates the dependent variable with sufficient accuracy. It is observed that for the present case the error is more when fatigue cracking is less than 8% and rut depth is less than 8 mm. Therefore, it is suggested that the model ͓either Eq. ͑7͒ or Eq. ͑9͔͒ be used when percentage area subjected to fatigue cracking ͑c͒ is more than 8% or the observed mean rut depth ͑r͒ on the section is more than 8 mm. The model is not suitable for estimating the SCI p of pavements with low distress ͑i.e., newly built pavements͒. However, estimation of SCI p will generally be required for moderate to highly distressed pavements rather than for newly built pavements.
Validation
The validity of the models in Eqs. ͑7͒ and ͑9͒ is illustrated in terms of their prediction accuracy and prediction consistency. In the following subsections these aspects are discussed.
Prediction Accuracy
To determine the validity from the standpoint of prediction accuracy of the models, the estimated SCI p is compared with observed SCI o . For this, 23 data points which were not included while developing Eq. ͑7͒ ͓or Eq. ͑9͔͒ are selected randomly from the LTPP database from the subset of sections which reach failure. The details of these data points are presented in Table 3 . Table 4 presents the error distribution between estimated SCI p and observed SCI o values for these 23 independent data points. The results from the 23 independent points show that Eq. ͑7͒ does a similar job while predicting SCI p values for the points used in calibration as well as for the points not used in calibration. Similar observation can be made about Eq. ͑9͒ as well. This indicates that the functions in Eqs. ͑7͒ and ͑9͒ are reasonable descriptors of the relation between SCI p , r, and c. Evaluation of the structural conditions of a pavement for a particular project is usually required to be as precise as possible. However, evaluation at the network level where only approximate information is required can be of a relatively less precise nature because it is used for long term maintenance planning and budgeting purposes. Therefore, errors in the estimation of SCI p obtained here may be considered acceptable for evaluating pavement structural conditions at the network level.
Another use of the model is the prediction of percentage of structural life left or the remaining structural life ͑RSL͒ of pavements. Therefore, in order to demonstrate the accuracy of the proposed model in predicting RSL of existing pavements, the SCI p results were converted to predict RSL's. Note that the definition of SCI is the ratio of number of load repetitions to the actual value of the total number of load repetitions before failure. Hence, RSL can be defined as
Next all the observations were ranked in ascending order with respect to observed RSL , RSL o ͓=100͑1−SCI o ͔͒, and separately with respect to the predicted RSL , RSL p ͓=100͑1−SCI p ͔͒, using the proposed models. Note that SCI o and SCI p can be obtained as explained earlier. A plot of the rank based on predicted RSL p versus the rank based on observed RSL o is shown in Fig. 3 . Part ͑a͒ of the figure uses RSL p based on SCI p from Eq. ͑7͒ while part ͑b͒ of the figure uses RSL p based on SCI p from Eq. ͑9͒. ͑Many sections show the same rank when ranking is based on RSL p because the data on c and r for these sections are identical.͒ As can be seen from both the figures, there exists a strong positive correlation between RSL o and RSL p ; the Spearman's rank correlation coefficient for the plot in Fig. 3͑a͒ is 0.81 and for the plot in Fig. 3͑b͒ the value is 0.80.
This indicates that the rankings from the proposed models give good matches with the ranking obtained from the observed RSL o . Hence, the models can be used satisfactorily for prediction of RSL p of existing pavements for maintenance priority ranking at the network level.
Prediction Consistency
Another way of looking at the validity of the models is to study the models' ability to estimate the RSL p consistently at different points in time. Therefore, to check the consistency of the models, the predicted total life was obtained at different points in time for 46 pavement sections. To understand the process, consider the following example. For a pavement section A the estimated SCI p at time t is SCI pt . Further, let n t be the observed number of load repetitions till time t. Then from the definition of SCI p it follows In order to analyze the consistency of SCI p ͑predicted using both models͒, the coefficient of variation for N t i was determined. The results from 46 different sections are shown in Table 5 . The coefficient of variation for 87% of the sections was less than 20% when N t i calculations were based on SCI p from Eq. ͑7͒; similarly, the coefficient of variation for 89% of the sections was less than 20% when N t i calculations were based on SCI p from Eq. ͑9͒. These values indicate reasonable consistency in the SCI p estimates obtained from either of the models.
Comparison with the Asphalt Institute's Distress Model
In order to further demonstrate the efficacy of the proposed model, the RSL p values for certain pavement sections were obtained using the Asphalt Institute's distress model and compared with that obtained by the proposed models. The pavement sections used here are identified in Table 6 . Twelve of these twenty points are new points ͑not used in calibration͒ and are identified through bold entries in the last column of the table. In order to obtain the RSL p values using the AI procedure, FWD deflection data of the same LTPP sections were used. First, the elastic moduli values at a given point were back calculated, and these moduli values were used to find critical strain parameters. Finally, from these critical strain values the remaining fatigue and rutting lives were obtained using the AI distress models ͑Briggs and Nazarian 1989; Elfino et al. 1995͒ . The analysis steps for the estimation of RSL p using the above procedure are shown through the flow chart in Fig. 4 .
EVERCALC and EVERSTRS are the two software programs used for back calculation and forward structural analysis calculation purposes, respectively. These were developed by Washington State Department of Transportation ͑WSDOT͒ ͑1995b͒. The versions of these programs used here are obtained from the WSDOT internet site ͑WSDOT 1995a͒. The AI equations used to estimate the allowable number of repetitions for fatigue and rutting are as follows 
͑12͒
where N f ϭallowable number of 81.6 kN ESAL repetitions to fatigue failure at tensile strain e t in the bottom of the asphalt layer; e t ϭmaximum horizontal tensile strain at the bottom of the asphalt layer; E ac ϭdynamic modulus of the asphalt concrete layer ͑psi͒; N r ϭallowable number of 18-kip ESAL repetitions to rutting failure at subgrade strain level e c ; and e c ϭmaximum vertical compressive strain at the top of the subgrade layer. Table 7 presents the comparison of the predicted RSL p ͑using both the proposed models͒ with observed RSL o as well as a comparison of the predicted RSL p ͑using AI's model͒ with observed RSL o for 20 sections not used in the calibration of the proposed models. Note, as given in Fig. 4 , RSL p ͑using the AI's model͒ is the minimum of N f and N r . The observed RSL o is obtained as explained before. The comparison is presented through the errors between the predicted values and the observed values.
The RSL p values obtained using either of the proposed models are substantially closer to the observed RSL o values than are the RSL p values obtained using the AI equations. In order to highlight the effectiveness of the proposed models Figs. 5 and 6 show these comparisons graphically. Fig. 5 compares the observed RSL o with the RSL p predicted by ͑a͒ Eq. ͑7͒ and ͑b͒ Eq. ͑9͒. Results from sections that were not considered in calibration ͑see Table 6 for details͒ of the models are shown with solid diamonds ͑the clear diamonds refer to results from the other eight sections͒. Similarly, Fig. 6 compares the observed RSL o and the RSL p predicted by the AI model. The figures reveal that the AI model consistently overpredicts the RSL p while the proposed models have no such bias. Hence, if one uses the AI's prediction of remaining structural life, the chances of preventive maintenance are reduced as pavement sections fail unexpectedly. Since maintenance after failure Fig. 4 . Flow chart of the analysis process to determine RSL p using AI model typically costs more than preventive maintenance, using the AI's model will generally increase the costs. One reason for the poorer perfomance of the AI model could be that, unlike the proposed models, it does not directly use deterioration information.
Conclusions
In this study, two simple and cost effective models ͑one slightly more accurate than the other͒ for structural evaluation of existing pavements at the network level were developed. From the present study, the following conclusions can be drawn about the proposed model.
• The models can be executed with a minimal amount of data.
The input data required are the extent of fatigue cracking and rut depth which can be obtained through visual inspection and the use of a straight edge. The output from either of the models is the structural condition index ͑SCI p ͒ that can be directly used for estimating the remaining structural life-a good index for prioritization of sections for network level maintenance management and planning.
• Comparison of the estimated structural condition index ͑SCI p ͒ with the observed values SCI o indicates that the error is less than or equal to 20% in more than 80% of observations. Therefore, the model is capable of evaluating the structural conditions with an accuracy which can be considered reasonable for network level maintenance management and planning purposes.
• The predicted SCI p is also shown to be consistent in its estimation of total life. • The ranking of pavement section with respect to current structural condition and determined from the predicted SCI p bears a strong positive correlation with a similar ranking obtained using observed SCI o . This indicates that the proposed model can be used reliably to develop a ranking of pavement sections for the network level maintenance management and planning purposes.
• A comparison of the remaining structural lives ͑RSL p ͒ predicted by the proposed models and by the AI distress model reveals that although the AI model consistently overpredicts the remaining structural life there is no such bias in the prediction of the proposed models. This assertion can be readily verified by studying Figs. 5 and 6 together. Note that the estimate of RSL p is affected by how reliable the data on n ͑number of load repetitions up to the time for which SCI is being determined͒ are and it is often difficult to obtain reliable information on n. Certain limitations of the models developed here were mentioned in the discussions following the presentation of the models ͓as Eqs. ͑7͒ and ͑9͔͒. However, the proposed models are simple, cost effective, easy to use, and reasonably accurate. Therefore, it is recommended that either of the models proposed in this study be used as a tool for preliminary evaluation of structural conditions of pavements-an exercise which is important for efficient network level maintenance management and planning. 
